Introduction
Currently one of the major uncertainties in climate projections is due to feedbacks 25 between clouds and radiation [Webb et al., 2013; Pachauri et al., 2014] . One reason for 26 this is that detailed microphysical observations of cloud properties are still somewhat 27 limited and thus microphysical parameterizations which are implemented in both weather 28 prediction and climate models are difficult to verify [Klein et al., 2013] .
29
One of the longer standing challenges in microphysics is to account for the high number 
Surface precipitation observations
The utilized surface precipitation instrumentation is part of the Global Precipitation
138
Measurement (GPM) ground validation program of NASA. Analysis of the K dp signatures 139 is supported by ground-level observations of the microphysical properties of snow parti- the camera and an external light source. As PIP has a higher frame-rate than SVI, fall 144 velocity measurements are possible even though the measurement volume of PIP is larger
145
(field of view is 64 x 48 mm) than of SVI. All other particle image properties are obtained 146 according to the SVI particle detection algorithm [Newman et al., 2009] . PIP is located 147 on the measurement field in Hyytiälä, approximately 50 m from the ARM AMF2 radars.
148
PIP particle data is recorded into 105 diameter bins with centers ranging from 0.125 to 26.125 mm. The measurements in the first bin are deemed unreliable and not used in the analysis. The disk equivalent diameter, D deq , is defined as the diameter of a disk which has the same area as the measured area of the pixels included in the particle image,
i.e. the total particle area. The particle size distribution (PSD) is recorded by PIP every minute and in this study the derived parameters -total particle concentration N t , time periods. N t and D 0 are calculated as follows:
where of the parameterization to become active the temperature must be between -3 • C and
207
-8
• C, graupel must be being produced, and the collection of cloud water by snow or the 208 collection of snow by rain must also be occurring. An additional requirement is that the 209 snow mixing ratio must exceed 0.1×10 −3 kg kg −1 and that either the cloud water mixing 210 ratio exceeds 0.5×10 −3 kg kg −1 or that the rain mixing ratio exceeds 0.1×10 −3 kg kg −1 .
211
These ad-hoc values originate from Lin et al. [1983] and were also applied by Rutledge
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and Hobbs [1984] . In both of these earlier studies, these values were applied as thresholds 213 for the production of graupel, not as thresholds for the activation of the H-M process as 214 is the case in the Morrison microphysics scheme.
215
In addition to the control simulation with the default Morrison microphysics parameterization scheme, sensitivity experiments (see Table 1 ) were conducted to investigate the impact of the cloud water and rain mixing ratio thresholds in the H-M parameterization simply by removing these thresholds from the parameterization. Sensitivity experiments were also conducted to determine the impact of the parameterization of primary ice production. In the default Morrison scheme, the number of primary ice particles N pice is parameterized using the Cooper curve [Cooper , 1986] 
where T k is temperature in degrees Kelvin. In the sensitivity experiment, referred to as DeMott, the Cooper curve was replaced by
which corresponds to the gray dashed line in Figure 2 of DeMott et al. [2010] . 
Signatures of secondary ice in radar and surface observations
At about 2345 UTC on February 15 a layer with enhanced K dp values was observed 232 above the Hyytiälä research station. These enhanced K dp signatures appear as a localized
233
area with a size of about 20 by 30 km in PPI measurements ( Fig. 2) and as a layer in
234
RHI observations (Fig. 3) . The layer persisted for about an hour and extended from the 235 ground to a height of 1.5 km as presented in Fig. 3 . The K dp values observed in the RHI Unlike Z dr and LDR, K dp is not sensitive to spherical particles, such as lump graupel, or 244 to low density particles, such as aggregates. Furthermore, K dp is proportional to the num-245 ber concentration of non-spherical dense particles, for example, needles. This makes K dp 246 a suitable tool for detecting areas of secondary ice production when used in conjunction 247 with ancillary information, for example, temperature obtained from radiosonde soundings 248 or model profiles. It should be noted that for accurate K dp estimation, adequate radar 249 signal is required.
250
Both K dp and LDR observations indicate the presence of relatively dense non-spherical K dp signature is observed, the particles which are falling from above result in a lower
254
LDR signal. However at the surface high LDR values are still observed. Because of the 255 layer like appearance of the feature it is most probable that these particles were formed in 256 the layer and did not originate from higher parts of the cloud. The radiosonde sounding
257
( Fig. 4) shows that temperatures range between -3.5 and -5.5
• C in the layer and that air 258 was saturated with respect to water. This indicates that ice crystals formed in this layer 259 should be of the needle type. In addition, the relatively high temperatures observed in the actual number of needles formed in the layer with elevated K dp values would be 339 higher, since a proportion of them are subsequently consumed in the aggregation process.
340
By depleting needles, aggregation also caps the observed K dp values. Another interesting 341 aspect is the appearance of a large number of aggregates in this layer. Moisseev et al.
342
[2015] have advocated that detectable K dp values are associated with conditions favorable 343 for the onset of aggregation. Even though their conclusion is based on analysis of K dp 344 bands that appear at temperatures close to -15 • C, it seems to hold here as well.
345
The analysis of dual-polarization radar and surface precipitation measurements support 346 the initial hypothesis that the most probable mechanism responsible for formation of 347 needles in this layer is the Hallett-Mossop rime splintering process. The K dp layer appears that WRF has too much moisture in the mid-troposphere.
365
The modeled surface pressure, 2-m temperature and accumulated precipitation at the 366 nearest grid box were compared to observations (Fig. 10) . To ensure the validity of using of decrease of pressure (Fig. 10a) . The simulated accumulated precipitation in the control 374 WRF simulation is much lower than observed (Fig. 10b) stable conditions. However, the gradual warming associated with the passage of the front 379 is captured relatively well (Fig. 10c) .
380
The critical temperature levels for this study are -3
• C and -8 • C (indicated by the red 381 isotherms in Fig. 4 ) which in the observed profile is the part of the atmosphere between 382 150 m (940 hPa) and 1.9 km (770 hPa). In the control simulation, the -3
is about 150-200 m higher than observed and the -8 • C isotherms is about 500 m higher.
384
Therefore, the layer in which secondary ice production by the H-M process is possible 385 is deeper, and extends higher, in the WRF simulation than in observations. A compari- results suggest that these ad-hoc thresholds should be reconsidered, and their applicability 508 to high-latitude mixed phase clouds be scrutinized.
509
The cause of the underestimation of the precipitation rate is unclear and may be due 510 to inaccuracies in the large-scale thermodynamic structure of the atmosphere or due to 511 the misrepresentation of microphysical processes. Increasing the number of ice particles 512 produced by the H-M process by multiplying the production rate by a factor of 10 increased 513 the precipitation amount by ∼ 10% whereas removing the rain and cloud water mixing ratio thresholds did not have any impact on accumulated precipitation. This suggests that 515 only when very high ice concentrations are produced by the H-M process, aggregation of 516 the newly formed particles can enhance surface precipitation.
517
In conclusion, this study has indicated that dual-polarization radar observations, which 518 are now available from operational radars, can be used to detect zones where secondary 519 ice production may take place. Further, we have shown an example of how the represen-520 tation of secondary ice in microphysical parameterization schemes can be verified using a 
